In the study of long-term memory, how memory persists is a fundamental and unresolved question. What are the molecular components of the long-lasting memory trace? Previous studies in Aplysia and Drosophila have found that a neuronal variant of a RNA-binding protein with a self-perpetuating prion-like property, cytoplasmic polyadenylation element binding protein, is required for the persistence of long-term synaptic facilitation in the snail and long-term memory in the fly. In this study, we have identified the mRNA targets of the Drosophila neuronal cytoplasmic polyadenylation element binding protein, Orb2. These Orb2 targets include genes involved in neuronal growth, synapse formation, and intriguingly, protein turnover. These targets suggest that the persistent form of the memory trace might be comprised of molecules that maintain a sustained, permissive environment for synaptic growth in an activated synapse.
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protein synthesis | synaptic plasticity | memory C urrent models for the cellular basis of long-term memory involve both the activity-dependent formation and elimination of synapses as well as alterations to the strength of preexisting synapses. The activity-dependent changes in synapse numbers and synaptic efficacy require the synthesis of a new set of proteins locally at the synapse (1) (2) (3) (4) (5) (6) . While investigating how synaptic stimulation activates local protein synthesis, we have identified a neuron-specific form of cytoplasmic polyadenylation element binding protein (CPEB) (7) .
CPEB belongs to a family of RNA-binding proteins, and some of the family members bind to a U-rich sequence with a general structure UUUUUAU (known as CPE element) in the 3′ end of many cellular mRNAs (8) . This RNA binding can either activate or repress the translation of their target mRNAs (8) . We have found that in Aplysia, synaptic activity of a neuronal variant of CPEB is not required for the initial serotonin-dependent changes in synaptic efficacy or for the growth of new synapses, but it is essential for maintaining these changes beyond 24 h (7, 9) . Furthermore, both Aplysia CPEB and a Drosophila CPEB, Orb2, have the ability to adopt different conformational states, one of which is dominant and self-perpetuating, reminiscent of a prion-like protein (10, 11) . Based on these observations, we proposed that the persistence of memory requires the recruitment of a prion-like self-sustaining active form of neuronal CPEB (Orb2) only at activated synapses, and this active form of CPEB, in turn, maintains the memory trace through continued regulation of a specific set of synaptic proteins (12) . Consistent with this hypothesis, Keleman et al. (13) have shown that reduction in Drosophila Orb2 levels selectively effects long-term stabilization of memory but not learning or short-term memory. These observations suggested that a long-lasting memory trace is at least partly comprised of Orb2 targets, which are still not known.
In this study, using a candidate gene approach and a genomewide analysis, we have identified 28 mRNA targets of Drosophila Orb2. A number of these targets are involved in regulating the growth or formation of synapses, which is consistent with the idea that the persistent form of memory requires new synapse formation. In addition, we found that a number of Orb2 targets are proteases or components of the ubiquitin-mediated protein-degradation pathway. These findings raise the possibility that Orb2-dependent regulation of protein-turnover creates a permissive environment for synaptic growth only at the activated synapse.
Results
Drosophila Orb2 Binds to Genes Implicated in Long-Term Memory.
Because Orb2 is involved in regulating memory processes (13), we first took a candidate gene approach and analyzed a number of genes that have previously been implicated in short-or longterm memory in Drosophila (14, 15) . We reasoned that bona fide targets of Orb2 should satisfy at least two criteria. First, Orb2 should bind to the 3′UTR of the target mRNA. Second, Orb2 should activate or repress the translation of the target gene. To score for Orb2 binding, we employed a pull-down assay where biotin-labeled mRNA was used to pull down endogenous Orb2 from Drosophila head extract (Fig. 1A) . Drosophila Orb2 has two isoforms: Orb2RA and Orb2RB. The two forms differ in their N-terminal sequence, but they have the same RNA-binding domain at the C-terminal end. Whereas the mRNAs for both isoforms are present in the adult Drosophila head, only Orb2RB protein can be readily detected in the naïve brain (Fig. S1 ). Therefore, we used wild-type flies for Orb2RB (Fig. 1B) and flies expressing a HA-tagged Orb2RA (Elav-Gal4::UAS-Orb2RAHA) ( Fig. 1 C and D) for Orb2RA. In the absence of known Orb2 targets, we used the 3′UTR of Oskar gene, a target of the other CPEB family member in Drosophila (Orb1) as a possible positive control (16) . The Oskar gene is required for stable long-term memory in Drosophila (14) .
Using these binding assays, we obtained three potential Orb2 targets that are believed to be required for stable long-term memory in Drosophila: Tequila, a homolog of human neurotrypsin, DaPKC, a homolog of mouse atypical protein kinase C, and Murashka, a putative E3 ubiquitin ligase (14, 17, 18) . When we incubated the biotin-labeled 3′UTRs of Tequila, DaPKC, or Murashka with head extract, all three genes selectively pulled down Orb2RB and Orb2RAHA ( Fig. 1 B and C) . In contrast, the 3′UTR of short-term memory genes Dunce, Rutabaga, and Nf1 or the intermediate-term memory gene amnesiac did not pull down Orb2RAHA, and only Amnesiac pulled down Orb2RB from total brain lysate (Fig. 1D) . The lack of binding is not caused by probe instability, because we found the abundant RNA-binding protein Hrp48 with all mRNA. Does Orb2 bind directly to the mRNAs, or is it recruited indirectly to the RNA through other proteins? The Orb2 gene, like other CPEB family members, has two RNA recognition motifs (RRM) and a conserved Zn-finger domain (19) . Studies with other CPEB family members have shown that removal of the Znfinger domain alone reduces RNA binding by more than 90% compared with that of wild-type proteins (19) . To test direct binding of Orb2, we used flies expressing Orb2RB lacking the Zn-finger domain (RBΔZnHA) and found that, in the absence of the Zn-finger domain (RBΔZnHA), the binding to oskar 3′UTR was greatly reduced and binding to tequila 3′UTR was completely abolished (Fig. 1E) ; this suggests that, similar to other CPEB family members, Orb2RB directly binds to target mRNA. However, because of the insolubility of the recombinant protein, we could not perform an in vitro binding assay and therefore, cannot rule out the possibility that the Orb2 binding to the mRNA is indirect. The 3′UTRs of the Tequila, Murashka, and DaPKC all contain a putative U-rich CPE element UUUUG/ AU. Finally, to test if the U-rich CPE element is necessary for Orb2 binding, we examined the Tequila 3′UTR because of its short length (107 nucleotides), the presence of only one putative CPE element, and its robust binding to both forms of Orb2. However, mutating the UUUUGU to UUCAGU only slightly reduced the binding of Orb2RB to Tequila 3′UTR (Fig. 1F) , suggesting that other sequences are involved in Orb2 binding. From these results, we conclude that both Orb2RA and Orb2RB bind to the 3′UTR of genes that are involved in memory formation, particularly long-term memory. Moreover, the binding of Orb2RB to Amnesiac suggests that, in addition to a common set of targets, Orb2RA and Orb2RB might have distinct mRNA targets.
Target mRNA Translation Is Suppressed by Drosophila Orb2 in a Heterologous System. Does binding of Orb2 alter the translation of the target mRNA? To answer this question, we used a dualluciferase reporter assay in Drosophila S2 cells, which our Western analysis showed lacks endogenous Orb2 protein. The 3′ UTR of each candidate target gene was linked to firefly luciferase, and a control SV40 3′UTR was linked to renilla luciferase; the ratio of firefly to renilla luciferase activity in the presence (+) or absence (−) of Orb2RA or Orb2RB was used to measure translational regulation. In the dual-luciferase assay, expression of either Orb2RA or Orb2RB reduced the activity of firefly luciferase bearing the 3′ UTR of all three candidate target mRNAs by ∼50% (Student t test; P value < 0.05) (Fig. 2 A and B) . In contrast, the activity of firefly luciferase bearing three control UTRs that did not bind to Orb2 was unchanged, suggesting the Orb2 expression does not cause a general repression in gene expression (Fig. 2C) . The reduction of the luciferase activity was caused by translational repression, because the amount of the reporter mRNA was not reduced in the presence of Orb2 (Fig. S2) . Thus, both isoforms of Orb2 can act as a repressor of translation when overexpressed in S2 cells. It is possible that repression is an outcome of overexpression in a heterologous cell system rather than a reflection of the endogenous Orb2 activity in the nervous system. Nonetheless, the selective translational repression suggests that Tequila, Murashka, and DapKC mRNAs are indeed targeted by Orb2.
Identification of Putative Orb2
Targets from a Genome-Wide Screen.
Because our candidate gene approach was limited in scope, we next set out to perform an unbiased genome-wide screen to identify Orb2 targets. The conventional biochemical approaches were not successful, owing to the insolubility of recombinant Orb2 and the low amount of endogenous Orb2. Therefore, we took advantage of an observation that we made during the course of this work. When we analyzed the level of Tequila protein in adult Drosophila brains, we observed an up-regulation in the level of Tequila in orb2 null mutants (SI Materials and Methods has the generation and characterization of the orb2 null mutants) and a reduction in Orb2RA and Orb2RB overexpressing flies (relative level compared with wild-type brain: Orb2RA = 0.49 ± 0.08 and Orb2RB = 0.63 ± 0.01; P value < 0.05), consistent with the idea that Orb2 acts as a repressor of Tequila translation (Fig. 2D Left) . However, unexpectedly, we also observed an up-regulation of Tequila mRNA in orb2 null as well as Orb2RA and Orb2RB overexpressing flies (Fig. 2E ). The change in Tequila mRNA levels, either in the absence or overexpression of Orb2 suggested that systemic chronic alteration of Orb2 levels, in addition to effecting translation, also affects the steady-state level of mRNA of some (but not all) targets either as a result of compensatory transcriptional modulation or changes in stability. Consistent with our Tequila results, we found that Murashka mRNA levels were also altered in orb2 null and overexpressing flies (Fig. 2E) . Thus, we reasoned that by profiling the relative mRNA levels of genes in wild-type and orb2 null brains, we might be able to identify additional targets of Orb2. To this end, we purified polyA mRNA from the adult fly heads and compared the transcriptional profiles between wild-type and orb2 null mutants using the Affymetrix Drosophila GeneChip array (version 2).
We found 371 genes from the entire dataset (18,500 loci) with steady-state levels significantly altered (P value < 0.05) in orb2 null brains compared with wild-type brains (details in Materials and Methods). The Fisher's exact test for overrepresentation of gene ontology (GO) terms (20) revealed that functional categories that are overrepresented in orb2 null flies include genes involved in proteolysis, mating behavior, reproduction, and surprisingly, defense and immune responses (Table S1 ). The defense and immune response genes were also identified by others in an attempt to identify the targets of Drosophila RNA-binding protein Pumilio (21) . The significance of the enrichment of immuneresponse genes in our dataset is not immediately apparent. Moreover, it is also not apparent how many of these changes are caused by secondary consequences of the Orb2 deletion.
To begin to identify potential targets of Orb2 in the adult nervous system, we filtered the dataset by applying several additional criteria and focused on two sets of genes. The restricted expression of Orb2 in the adult nervous system is sufficient to rescue the long-term memory deficit of orb2 mutant flies (13) and Aplysia CPEB is required for the stabilization of the newly grown synapse (9) . For the first set of genes, we selected those that are known to be associated with cellular growth or have neuronal function. For the second set of genes, we focused on genes involved in proteolysis for the following reasons. First, the genes involved in proteolysis were significantly altered (P value = 4.69e-4) in the orb2 null mutant compared with wild type (Table S1 ). Second, in our candidate gene approach, 2 of 3 genes that we identified are involved in proteolysis: Murashka, a Really Interesting New Gene (RING)-finger protein with potential E3-ubiqutin ligase activity and Tequila, a serine-type endopeptidase. Finally, studies on the neuromuscular junction synapse (NMJ) suggested that an ubiquitin-dependent mechanism regulates synaptic growth and function in Drosophila (22) . We next verified the gene-chip data by RT-PCR analysis and selected only those genes that confirmed the differences first detected by microarray. Finally, we selected a set of 29 putative Orb2 targets, of which 19 were genes with known function and 10 were uncharacterized genes with functions predicted to be involved in cellular growth or proteolysis (Table S2) .
Confirmation of Orb2 Targets. Not all up-or down-regulated genes in the orb2 null animals need to be Orb2 targets, and thus, to obtain the real targets out of these putative targets, we applied stringent criteria. Because the obligatory step in Orb2-dependent translation is binding of the protein to the mRNA, we tested Orb2RA and Orb2RB binding to the 3′UTRs of all putative target genes using the pull-down assay ( Fig. 3 A and B and Fig.  S3 ). Of 29 genes tested, we found 24 genes that bound to Orb2, 13 of which are common for both Orb2RA and Orb2RB, 10 are Orb2RB-specific, and 1 (CG14528) is Orb2RA-specific ( Fig. 3 A and B and Fig. S3 ). We observed differences in the extent of Orb2 binding to different mRNAs, which might be a reflection of number of binding sites present in each mRNA. The translation of the majority of the target genes was reduced except Synaptobrevin and CG6129, which showed modest but statistically insignificant suppression. P value < 0.05 was considered significant in a Student t test. (E) The translation of firefly luciferase with SV40 3′UTR or the 3′UTR from CG14528, which did not bind to Orb2RB, was not affected by Orb2RB.
The high percentage of Orb2 binding that we observed in the selected genes is not simply caused by widespread Orb2 binding. In our candidate gene approach, we tried several genes with known synaptic function, and none of them bound to Orb2; subsequently, we found that these genes were also not altered in the microarray. In addition, we tested genes that were identified in long-term memory mutant screens (14) but were unchanged in our microarray study. We selected six genes with a defined 3′UTR greater than 300 nucleotides in length and rich in U-residues. We found that none of these UTRs bound to Orb2RB and only one bound to Orb2RA, suggesting that the use of the microarray and additional filtering indeed enriched for Orb2 targets (Fig. S1) . Finally, we observed that, unlike Orb2, Drosophila Orb1, which has RNA-binding RRM domain and Zn-finger domain similar to Orb2, shows more widespread nonspecific RNA binding under similar conditions (Fig. S1 ). These observations suggest that the Orb2 binds specifically to a select set of RNA. Interestingly, we also found that that both isoforms of Orb2, RA and RB, can bind to their own common 3′UTR (Fig. 3B) .
Next, we sought to determine if these genes are expressed in brain structures that are known to be required for long-term memory in Drosophila, such as the mushroom body. To this end, we performed RNA in situ hybridization and observed that brain tumor, unkempt, actin5C, cg4306, cg6129, and cg12769 were expressed in the mushroom body Kenyon cells, antennal nerve, and optic-lobe region (Fig. S4) (7, 13) . We failed to detect the rest of the target mRNAs by in situ hybridization, perhaps because of low expression levels.
Finally, we sought to determine if the mRNAs that bound to Orb2 are also translationally regulated by Orb2. Because Orb2RB bound to almost all of the targets, we performed the S2 cell-based translational assay in the presence or absence Orb2RB. We observed that translation of the firefly luciferase mRNAs bearing the 3′UTR of the majority (Fig. 3C and Fig. S3 ), but not all (Fig. 3D) , of the candidate targets were translationally suppressed in the presence of Orb2RB (Student t test; P value < 0.05). Firefly luciferase with a control 3′UTR or harboring the 3′UTR of CG14528, which did not bind to Orb2RB, did not show any change in translation (Fig. 3E) . The failure or modest suppression of some of the targets might be caused by weak binding affinity of Orb2RB to some targets in S2 cells or the fact that translational regulation of some mRNAs requires additional components that are missing in S2 cells.
These studies lead us to several conclusions with respect to Orb2 target selection. First, these results confirmed our earlier finding that, in addition to a common set of targets, Orb2RA and Orb2RB can bind a distinct set of mRNAs, although they carry the same RNA-binding domain. Second, unlike the canonical CPEB, the U-rich CPE-like element is not required for Orb2 binding. We observed that a number of targets, but not all, have a U-rich sequence, UUUUG/AU, similar to a CPE element in the 3′UTR (Table S2) . However, some genes with the sequence UUUUG/AU did not bind to Orb2. We did not find any additional sequence motifs overrepresented in this set of 28 targets by Multiple Em for Motif Elicitation motif-search analysis. It is possible that, in addition to the primary sequence, secondary structures of RNA might be an important determinant of Orb2 binding, which is the case for mouse CPEB3 and CPEB4 (23) . Third, the expression of Orb2, particularly Orb2RB, at every stage of development implies that regulation of some Orb2 targets is required for the proper development of Drosophila and that Orb2 serves additional functions outside of the adult nervous system. Finally, the binding to its own 3′UTR suggests that Orb2 can regulate its own synthesis.
Discussion
In this study, we used a candidate gene approach combined with a genome-wide screen to identify potential Drosophila Orb2 targets (Table 1) . Surprisingly, the use of orb2 null flies, despite inherent limitations, turned out to be quite useful in identifying Orb2 targets. Clearly, we have not identified all of the Orb2 targets, and it is yet to be determined if the protein levels of these targets are indeed altered in response to a learning-related stimulus in an Orb2-dependent manner. However, the identification of these targets provides clues to Orb2 function and a plausible molecular makeup of the long-lasting memory trace.
These targets can be broadly classified into the following groups: (i) genes involved neuronal growth and synapse formation, (ii) genes involved in synaptic function, (iii) genes involved in proteolysis, and (iv) genes with unknown (predicted) functions (Table  1) . Although we lack direct evidence, we postulate that, in the adult fly brain, Orb2-dependent persistent regulation of these target genes in the activated synapse might stabilize altered synaptic function and synapse number and thus, memory in the following ways. First, the suppression of ubiquitin-mediated protein degradation machinery, as well as other proteases, might allow for the accumulation of otherwise unstable molecules. On the other hand, activation of the proteosomal pathway and proteases might remove inhibitory constraints at the synapse to create and maintain a permissive environment for synaptic growth. The involvement of Uch and ubiquitin-mediated protein-turnover pathways in synaptic plasticity has previously been observed in Aplysia and in mice (24) (25) (26) (27) (28) . Because ubiquitination can act as a posttranslational modification in addition to a signal for degradation, the ubiquitination pathway can, in principle, modulate stability, function, or membrane distribution of proteins at the activated synapse. Second, the cell polarity and asymmetric growth genes, such as DaPKC (29), widerborst (30), and glaikit (31), might allow the activated synapse to capture or modify the globally distributed gene product selectively at the activated synapse. In Drosophila, DaPKC is required for the formation of glutamatergic synapses in the NMJ (29) . DaPKC is believed to be a homolog of mouse atypical protein kinase C (PKMζ), and in mice, the continuous activity of PKMζ is necessary for the persistence of memory for months (32) . Interestingly, in mice, PKMζ mRNA is localized in the dendrites (33) . Taken together, these observations in flies and mice raise the possibility that Orb2-dependent regulation of DapKC/PKMζ at the activated synapse contributes to memoryrelated synaptic growth. Finally, the regulation of the cytoskeletonremodeling complexes, such as Capulet (34), Still-life (35), and The targets are grouped based on their known functions either in the nervous system or in other cell types. The cellular functions of these targets are cell polarity and asymmetric growth, DaPKC, widerbrost (a protein phosphatase) (30) , glaikit (a phospholipase D) (31), cytoskeleton remodeling, actin5C, capulet (adenylyl cyclase associated protein) (34) , still life (Guanine nucleotide exchange factor) (35) , growth factors, branchless (FGF) (39) , translation regulators, pathetic (amino acid transporter) (38), brain tumor (37), cell-adhesion molecules, neuroligin (40), synaptic vesicle protein n-synaptobrevin (41), regulators of cAMP signaling, PKA-R2, secretory protease, tequila and components of ubiquitin pathway, unkempt (putative ubiquitin ligase) (42) , murashka (putative E3 ubiquitin ligase) (14) , ubiquitin hydrolase (43) , and components of 20S proteosomes rpt1, rpt4, and rpt9 (44).
Actin 5C, initiators of de novo synapse formation, such as Neuroligin (36), and growth regulators, such as Brain tumor (37), Pathetic (38) , and Branchless (39), might regulate the maintenance of newly grown synapse for a long time. Future studies should be directed to addressing these postulations.
Materials and Methods
Elav-GAL4 (stock #458), Act-GAL4 (stock #0.4414), and tequila f01792 (stock #18473) were obtained from Bloomington Stock Center. The UAS-Orb2RAHA and UAS-Orb2RBHA lines were generated by the authors. To generate flies expressing Orb2RB lacking Zn-finger domain (OrbRBΔZn), 66 amino acids were deleted from the C-terminal end of Orb2RB by PCR (primers in SI Materials and Methods) and cloned into an upstream activating sequence vector with a C-terminal HA tag (additional information in SI Materials and Methods) (Table S3) Fly heads were collected by freezing in liquid nitrogen and passing them through a metal mesh that allowed only the heads to pass through. Total RNA was extracted from isolated heads using TRIzol (Invitrogen) following the manufacturer's instructions; 5 μg of total RNA was reverse transcribed with random primers (Invitrogen) and amplified by PCR using LAtaq (Takara) with gene-specific primer sets (Table S3) .
GeneChip. For GeneChip analysis, total RNAs were extracted from wild-type and orb2 null mutant fly heads using TRIzol reagent (Invitrogen). The adult orb2 null flies were collected over a period of months and stored in −80°C. For proper comparison, the adult wild-type flies were also similarly stored at −80°C. The mRNA was purified from total RNA using the MicroPoly (A) mRNA Purification Kit (Ambion) according to the manufacturer's protocol. The cDNA synthesis was carried out using the One-Cycle cDNA Synthesis Kit (Affymetrix) and labeled and cleaned using the Genechip IVT Labeling Kit and Sample Cleanup Module (Affymetrix). Affymetrix high-density arrays for Drosophila melanogaster Genome 2.0 were probed, hybridized, stained, and washed according to the manufacturer's protocol. Affymetrix Drosophila arrays were hybridized with biological replicate samples prepared from wild-type and orb2 mutants flies. The arrays are of type GeneChip Drosophila Genome 2.0 (Drosophila_2). The Drosophila_2 Array is designed for studying expression of D. melanogaster transcripts, and it is comprised of 18,880 probe sets analyzing over 18,500 transcripts. Sequences used in the design of this array were selected from Flybase version 3.1. Fourteen pairs of oligonucleotide probes are used to measure the level of transcription of each sequence. Data were processed using two different methods: Affymetrix GeneChip Operating Software (GCOS) and Robust Multichip Analysis (RMA). Affymetrix GCOS generates text files with .xls extensions containing intensity values, a detection P value for the probe set, and a classifier of present (P), marginal (M), or absent (A). Data processed from each array with GCOS were combined into the file data_set1.txt for importing into R for general characterization. The intensity values were also imported into Partek for ANOVA analysis. RMA was used to analyze the .CEL files and generate log2 signal values for analysis in limma to identify differentially expressed genes. Genes that showed logratio values greater than 1 on two microarrays with a P value < 0.05 were used in functional-enrichment analysis using the program FatiGO from BABELOMICS (1).
mRNA-Protein Pull-Down Assay. The 3′UTRs of the target genes were obtained from genomic DNA by PCR (Table S3) and cloned into TOPOII Dual Vector (Invitrogen). The biotinlabeled RNA was prepared with the MegaScript T7 or SP6 kit (Ambion) using the nucleotide analog Bio-ATP and Bio-CTP (Enzo). Biotinylated RNAs were treated with RNase-free DNase I to remove the template DNA, and the RNA were purified on G-50 Sephadex Spin columns (Amersham). Each biotinilated RNA was analyzed by agarose-gel electrophoresis and quantified by UV spectrometry. Biotin-RNA pull-down experiments were performed using the protocol of Gerber et al. (2) with the following modifications. Briefly, 3 μg of biotinilated RNA were mixed with ∼1 mg of total protein extract prepared from adult fly head in extraction buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA (pH 8.0), 5% glycerol, 0.1% Triton X-100, 1.5 mM DTT, 0.2 mg/mL heparin, 0.2 mg/mL tRNA, 0.25% BSA, complete mini-protein inhibitor (Roche), and 40 units/mL RNase plus inhibitor (Promega). The RNA and protein were incubated on a rotator for 40 min at room temperature. Preequilibrated Streptavidin Paramagnetic Beads (Roche) were added to each binding reaction, and the mixture was further incubated for 40 min. Beads were then captured with a magnet, washed five times for 10 min with extraction buffer, and boiled in SDS/PAGE sample buffer. Western blots were performed using rabbit anti-Orb2 (1:1,000) or mouse anti-Orb1 antibody (1:100; Developmental Studies Hybridoma).
Dual-Luciferase Assay. For the dual-luciferase assay, the firefly luciferase from pGL3 basic and the renilla luciferase from pRL-TK (Promega) were cloned into the constitutively active vector pAc5.1/V5HisB (Invitrogen). The 3′UTR of the target genes was cloned after stop codon of the firefly luciferase. The HA peptidetagged Orb2RA and Orb2RB constructs were cloned into the copper-inducible vector pMT-HisA (Invitrogen). Orb2 expression was induced by the addition of 0.7 mM CuSo4 (+). S2 cells were maintained in Schneider's media (Invitrogen) containing 10% FBS (Invitrogen) at 25°C; 1.5 × 10 4 cells/well were seeded in a 24-well plate and transfected with the two reporter constructs with either Orb2RB or Orb2RA constructs using Effectene (Qiagen) following the manufacturer's instructions. Twentyfour hours after induction of Orb2, cell lysate was assayed using the Dual Luciferase Assay Kit (Promega) following the manufacturer's instructions. For RT-PCR, after transfection with the two reporter constructs with either Orb2RB or Orb2RA using Effectene and induced Orb2 expression by addition of 0.7 mM CuSo4 (+), total RNA was extracted from S2 cells using TRIzol (Invitrogen), and RT-PCR was performed as mentioned before (Table S3) .
Tequila Antibody Production. The Drosophila Tequila partial cDNA (amino acid number 2369 to 2786) was cloned into the His-tagged vector pRSETC (Novagen), and the recombinant His-tagged protein was purified in Talon Co2+ affinity column (Clontech). The purified recombinant protein was injected into guinea pigs (Pocono). The tequila antibody was purified using the Melon Gel IgG Purification Kit (Pierce Chemicals).
Western Blot. Fly heads were homogenized in PBS containing 150 mM NaCl, 3 mM MgCl 2 , 0.1 mM CaCl 2 , 5% glycerol, and 1% SDS, rotated at 4°C for 30 min, and centrifuged at 10,000 × g for 10 min; then, the supernatant was collected. For detection of tequila protein, ∼28 μg of total protein were separated in 3-8% gradient SDS/PAGE and electroblotted into a PVDF membrane. The membranes were blotted with antitequila antibodies (1:200) and visualized by chemiluminescence using HRP-coupled antiguinea pig secondary antibody (Pierce Chemical).
Generation of orb2 Null Mutant. The Orb2 deletion line was obtained using the methods and reagents described in Parks et al. (3) . The Flippase Recognition Target (FRT)-bearing piggyback insertion lines WH(+)f04965 and RB(−)e01925 were obtained from Exelixis (4). Using Flippase Recombination Enzyme (FLP)-FRT mediated recombination, deficiency was created into the Orb2 locus. Initially, 81 putative lines were selected based on their eye color. Each of these lines was subsequently checked by PCR and Southern blotting for the deletion of the Orb2 locus; 16 lines were obtained in which the Orb2 locus was deleted. One of these lines was backcrossed six generations with wild-type cantonS flies, and the entire deleted locus was PCR amplified and sequenced to confirm and define the position of the deletion boundary.
In Situ Hybridization. cDNAs were prepared by RT-PCR from adult head mRNA, cloned into TopoII Dual Vector (Invitrogen), and transcribed with T7 or SP6 RNA polymerase (Roche) in the presence of digoxigenin RNA-labeling nucleotide mix (Roche) following the manufacturer's protocol. Fly heads were fixed with 4% paraformaldehyde overnight at 4°C followed by an overnight wash in 20% sucrose in PBS at 4°C. The heads were embedded in Tissue Tek (Sakura Finetechnical), and 8-12 μm cryostat sections were made. The slides were washed in PBS and then, were immersed in 1% gelatin in distilled water. After drying, slides were incubated first in 0.1 N HCl for 20 min and subsequently, in a triethanol amine/acetic anhydride solution containing 0.015 M triethanolamine, 0.0025 N HCl, and 0.25% acetic anhydride. After washing with PBS three times, sections were prehybridized for 1 h at 65°C with hybridization buffer containing 50% formamide, 5× SSC, 1% SDS, 50 μg/mL tRNA, and 25 μg/mL heparin in a humid chamber. The sections were hybridized with digoxigenin-labeled mRNA probe for 20-24 h at 65°C and washed with the following washing solutions: 5× SSC containing 1% SDS at 65°C for 30 min, 2× SSC containing 0.5% SDS at 65°C for 30 min two times, and PBS containing 0.1% triton X-100. Subsequently, sections were incubated for 20 h with alkaline phosphatase-conjugated antidigoxigenin antibody (Roche), washed three times in phosphate-buffered saline with 0.1% Triton X-100 at room temperature (30 min for each wash), washed one time for 5 min with buffer containing 100 mM Tris-HCl (pH 9.5), 150 mM NaCl, 25 mM MgCl 2 , 0.1% Tween20, and 2 mM levamisol at room temperature, and developed with nitro-blue tetrazolium chloride/ 5-bromo-4-chloro-3′-indolyphosphate p-toluidine salt for 3-24 h. Sections were mounted with 80% glycerol. ) flies. Drosophila synaptic protein syntaxin served as a loading control (1) . Approximately 22% of the homozygous null flies escaped to the adult stage, but the adult escapers had severe movement problems and died within 2-3 days. The lethality and the surviving adult phenotypes were indeed caused by the removal of the Orb2 gene, because the expression of the surrounding genes were unaltered (C) and both phenotypes could be rescued by transgenic expression of UAS::RA-EGFP and UAS::RB-EGFP under ubiquitously expressed ACT-Gal4 driver or nervous system-specific C164-Gal4 driver. The fly genomic database suggests that the deletion of the Orb2 locus should also delete a small unknown gene (CG32033). However, when we expressed a Myc-tagged CG32033 gene from the ubiquitously expressed Tubulinα promoter by itself, it failed to correct any of the phenotypes. , orb2 null mutant fly head extract. (E and F) Orb2 binding is not widespread. Six genes identified in Dubnau and Tully long-term memory mutant screens (2), but not changed in orb2 null flies, were tested for Orb2 binding. Only the 3′UTR of Dikar bound to Orb2RA (E), and none bound to Orb2RB (F). The blots were developed with anti-HA antibodies. The abundant RNA-binding protein, heteronuclear RNA-binding protein 36/38 (hrp36), served as a control for the integrity of the probe RNA. (G and H) The Drosophila Orb1 gene shows nonspecific association under these conditions. (F) Orb1 shows some binding to Oskar 3′UTR as expected (3) . The binding to Tequila mRNA is similar to the control EF1a and Actin 88FmRNA. However, the amount of Orb1 protein in the adult Drosophila brain was low, and thus, the experiments were not conclusive. We could not generate Orb1-expressing transgenic flies. (G) Orb1 expressed in S2 cells shows mostly nonspecific association with RNA. The same set of genes as in F and G were used for RNA binding. Overrepresented gene ontology terms in orb2 null mutant compared with wild-type Drosophila. The analysis was performed using FatiGO in BABELOMICS (http://www.fatigo.org/). The 371 genes from the GeneChip analysis were compared with 14,703 genes from the fly genome. The number of significant terms with adjusted P values < 0.05 at different levels of gene-ontology biological processes was 12 at level 3, 9 at level 5, and 8 at level 6.
